[1] In this paper, the conceptual recharge oscillator model for the El Niño-Southern Oscillation phenomenon (ENSO) is utilized to study the influence of fast variability such as that associated with westerly wind bursts (WWB) on dynamics of ENSO and predictability. The ENSO-WWB interaction is simply represented by stochastic forcing modulated by ENSO-related sea surface temperature (SST) anomalies. An analytical framework is developed to describe the ensemble-mean dynamics of ENSO under the stochastic forcing. Numerical ensemble simulations verify the main results derived from the analytical ensemble-mean theory: the state-dependent stochastic forcing enhances the instability of ENSO and its ensemble spread, generates asymmetry in the predictability of the onsets of cold and warm phases of ENSO, and leads to an ensemble-mean bias that may eventually contribute to a climate mean state bias.
Introduction
[2] The slow deterministic dynamics of the El Niño-Southern Oscillation (ENSO) phenomenon have been extensively explored using conceptual and intermediate models [e.g., Anderson and McCreary, 1985; Cane and Zebiak, 1985; Suarez and Schopf, 1988; Battisti and Hirst, 1989; Philander, 1990; Jin, 1997] . These studies consistently suggested that deterministic ENSO dynamics are governed by the leading coupled oscillatory modes in the tropical Pacific. However, a number of studies suggested that the Madden-Julian Oscillation (MJO), westerly wind bursts (WWB), and North-Pacific Oscillation (NPO), may all have significant impacts on ENSO variability and predictability [e.g., Kessler et al., 1995; Kleeman and Moore, 1997; Moore and Kleeman, 1999; Perigaud and Cassou, 2000; Zhang et al., 2001; Zhang and Gottschalck, 2002; Yu et al., 2003; Lengaigne et al., 2004; McPhaden, 2004; Vimont et al., 2001; Zavala-Garay et al., 2005] . Moreover, not only is ENSO dependent on fast atmospheric variability, but MJO and WWB activity is modulated by temperature anomalies in the central equatorial Pacific [Keen, 1982; Luther et al., 1983; Gutzler, 1991; Kessler et al., 1995; Kessler and Kleeman, 2000; Vecchi and Harrison, 2000; Yu et al., 2003; Eisenman et al., 2005; Perez et al., 2005] . As conjectured by Keen [1982] , Lukas [1988] and Lengaigne et al. [2004] , an individual MJO/ WWB can shift the warm pool eastward, making it more likely for more MJO/WWB events to be generated and thus further extensions of the warm water front and developments of Kelvin pulses, which may contribute to the generation of a mature El Niño event. This type of fast and coupled interaction, which can be parameterized in terms of a multiplicative noise source, may have an important influence on ENSO predictability [Lengaigne et al., 2004] , the instability of ENSO [Eisenman et al., 2005] , and the statistical probability distribution of ENSO [Perez et al., 2005] . The aim of our study is to develop a new theoretical framework that captures and synthesizes these effects and illustrates the main qualitative differences between the additive [e.g., Penland and Sardeshmukh, 1995; Thompson and Battisti, 2000; Zavala-Garay et al., 2005] and statedependent (multiplicative) stochastic forcing on the dynamics of ENSO.
ENSO Recharge Oscillator Forced By Additive and Multiplicative Noise
[3] As exemplified by numerous studies, the fast atmospheric fluctuations associated with the MJO/WWB activity alter the tropical thermocline depth and SST by triggering oceanic Kelvin waves and affecting the ocean currents and heat fluxes. The slow variations of the ocean thermal conditions also modulate the atmospheric fast variability. These type of interactions can be mathematically described in terms of state-dependent noise forcing -the so-called multiplicative noise [Blauboer et al., 1982; Timmermann and Lohmann, 1999] . Conceptually, similar approaches were adopted recently by Jin et al. [2006] such as to capture the feedbacks between synoptic eddies and the lowfrequency flows in the extratropical atmospheric circulation.
[4] Here, we adopt the same conceptual approach and a highly idealized model to study the interaction between fast MJO/WWB variations and the slow dynamics of ENSO. Let us consider the following simple recharge oscillator model of ENSO with an ad hoc stochastic multiplicative forcing term:
This form of the equations can be justified following Jin [1997] and Burgers et al. [2005] . Here T and h represent the eastern equatorial Pacific SST and the zonally averaged equatorial heat-content anomalies, respectively; w(t) is a white noise forcing term which drives an OrnsteinUhlenbeck process x(t) that is normalized to be of a unit variance and a decay timescale of 1/r; s is the amplitude of the multiplicative noise forcing. For simplicity, we have normalized T and h, for instance by their typical amplitudes, respectively. The stochastic forcing terms sx(t)G and asx(t)G represent the effects of fast atmospheric wind anomalies (short de-correlation timescales) on the eastern equatorial SST anomalies and the equatorial heat content variations, respectively. The proportionality coefficient a reflects the fact that the same stochastic wind stress can serve as the forcing for SST and also for the recharge and discharge of the equatorial heat-content anomalies. For the sake of simplicity, a is set to zero hereafter.
[5] We use the function G to characterize the modulation of the atmospheric noise by the interannual SST anomalies. When G = 1, the system is forced by additive noise (see also discussion by Jin [1997] , whereas the case G = 1 + BT represents the state-dependent noise forcing due to the interannual modulation of WWB/MJO activity via SST anomalies. Another interpretation of this term is that it captures a randomly fluctuating growth rate (Àl + sBx(t))/2 of the ENSO recharge oscillator. A similar state-dependent noise forcing has been described by Perez et al. [2005] , who found qualitative changes of the stationary PDF in an intermediate ENSO model driven by multiplicative noise forcing.
Impacts of Temperature-Dependent Noise on ENSO
[6] To illustrate the impacts of the state-dependent noise forcing on ENSO dynamics, we consider some idealized cases. Here, we set l = 1/6 month À1 , r = 1/1.5 month
, w = 2p/48 month À1 and the initial values are chosen as T = 0, h = 2. The initial conditions are chosen near a transition from a neutral into a warm phase.
The given values for l and w correspond to a stable ENSO oscillator with a negative growth rate.
[7] In the case of B = 0, the ensemble-mean solution of our linear model does not depend on the noise forcing. The numerical ensemble-mean solution obtained from a 5000-member ensemble is indeed almost indistinguishable from the deterministic solution solved with the same initial conditions without noise forcing (not shown). The warm events in the ensemble simulations mostly have relative weak amplitudes ( Figure 1a and the ensemble spread is modest (Figure 1d ). The ensemble-mean event dies out without even going into a significant cold phase (Figure 1c ) because the ENSO mode in this case is heavily damped.
[8] On the contrary, when B = 1, a significant number of warm events in the ensemble simulations attain very large amplitudes (Figure 1b) . The ensemble-mean ENSO cycle is stronger and a weak cold phase follows the strong warm phase (Figure 1c ). The ensemble spread is clearly amplified due to the modulated noise forcing (Figure 1d ). For a lead time over 12 months, the signal-to-noise ratio is higher in the additive forcing case than that for the case B = 1, which suggests WWB-ENSO interactions might have a crucial influence on the predictability of ENSO, as pointed out by Lengaigne et al. [2004] .
[9] Furthermore, the PDFs (probability distribution function) of SST anomalies for the cases with B = 0 and B = 1 (Figure 1e ) are clearly different, and the later has a skewness towards rear and large warm SST anomaly events. Thus, linearly modulated stochastic forcing in (1) has an equivalent effect to the nonlinearity in terms of the generation of the ENSO warm skewness.
[10] Although the different roles of additive and multiplicative noise on dynamical systems have been documented extensively in the literature, it is still elusive how this type of noise-induced destabilization may influence ENSO stability and predictability in coupled ENSO models. We propose a conceptual ensemble-mean framework to address this issue in the next section.
Ensemble-Mean Dynamics Under Stochastic Closures
[11] From the simple examples in Figure 1 , it becomes evident that modulated noise has a crucial impact on the amplitudes of ENSO in the ensemble mean sense. In this section, we propose an analytical closure approach to study the ensemble-mean dynamics of ENSO. Separating the variables into ensemble mean and departure, i.e.: where hTi, hhi denote the ensemble means for T and h, respectively, and using the approach proposed by Jin et al.
[2006], we can obtain the following equations:
Here, T 3 = hx 2 T 0 i. By adopting a second order closure (letting T 3 = 0), the system of equations (2) is closed for the ensemble-mean evolution.
[12] Typically r ) l, we thus can apply the quasiequilibrium assumption [Jin et al., 2006] by further omitting the time tendency terms in (2). Then, the approximate ensemble-mean equations for the ENSO recharge oscillator read as follows:
[13] Here l E % l À s 2 B 2 /(r + l + w 2 /r) gives a reduced damping rate for the ensemble mean ENSO oscillator (3). This expression clearly shows that the ensemble-mean ENSO oscillator is less stable in the presence of multiplicative noise forcing (Figure 2 ). For instance, the negative growth rate is reduced by nearly 25% when B = 1 and reduced by half when B = 1.4, as seen from Figure 2 . It is this noise-induced destabilization that is responsible for the difference in amplitudes of the ensemble-mean ENSO cycles for the same deterministic initial conditions as shown in Figure 1d . In other words, the modulated noise forcing, representing the ENSO-WWB/MJO interaction, tends to enhance the instability of the slow ENSO oscillator. This kind of destabilization can be inferred from the well-known mathematical properties of stochastic dynamical systems [Gardiner, 1990] . We here refer to this new instability as the noise-induced ensemble-mean instability of ENSO. Eisenman et al. [2005] reported a similar result from the parameterized ENSO-WWB interaction in their numerical study of an intermediate ENSO model. The analytical result from the ensemble-mean dynamical framework (3) clearly reveals that this destabilization depends on the variance as well as on the damping timescale of the modulated noise forcing.
[14] Furthermore, there is a constant forcing term in the ensemble-mean equations (3). This term comes from equation (2) for hxT 0 i and represents a rectification effect of modulated noise forcing. It leads to a non-zero ensemblemean steady solution (not shown). Thus, modulated noise forcing has a rectification effect on the mean state, which may contribute to a climate mean state bias in the coupled models.
[15] To test the accuracy of the closure approximation used in ensemble-mean dynamical system, we further compare the ensemble-mean solutions obtained from this second-order closure to those computed statistically after numerically integrating equations (1) using a 5000-member ensemble. The good agreement depicted in Figure 3a indeed confirms the validity of our approach.
[16] We also derived the ensemble-mean dynamic system for the covariance matrix:
Combining equations (4) with equations (2) 2007], we can obtain the closed dynamical equations for the ensemble-mean spread. The details for the fourth-order closure will be reported elsewhere.
[17] The ensemble spread was obtained statistically by numerically integrating equations (1) 5000 times using different noise realizations as well as by solving the ensemble-spread equations (4) under the 4th order closure approximation (Figure 3b ). The agreement between results from the two different approaches for the ensemble spread or the second moment is not as close as ensemble-mean evolution or the first moment. Nevertheless, the results in both Figure 3a and Figure 3b basically validate our closure assumptions and the ensemble dynamics framework.
[18] Our results suggest that on the one hand, modulated noise can effectively enhance the instability of ENSO in the ensemble-mean sense and thus help to amplify the ensemble-mean amplitude of the ENSO cycles; on the other hand, it also enhances the spread of ENSO forecasts. In other words, when MJO and WWB activities are modulated by ENSO-related SST anomalies and feedback to the generation of SST anomalies in the eastern equatorial Pacific, ENSO cycles are likely to become stronger than without this mutual interaction. But, predicting the ENSO cycles can become more difficult because of the enhanced error growth and ensemble spread and hence the reduced signal-to-noise ratio. This dilemma was in fact noted recently using a coupled general circulation model (CGCM) which simulates large-amplitude, quasi-periodic ENSO events, but exhibits a very large-ensemble spread in a series of ensemble forecasts [Lengaigne et al., 2004] .
[19] The influences of the modulation factor B on the noise-induced destabilization of ENSO as well as on the ensemble spread are further illustrated in Figures 3c and 3d . Not only is there a significant amplification during the first stages of an ENSO forecast (lead time $12 months) but also when reaching long-term saturation after several years ( Figure 3d ). It is expected that when the multiplicative noise tends to bring the system near to the noise-induced criticality such that the system becomes unstable, then nonlinearities have to be taken into account to damp the amplitude growth. In that case, we anticipate that Figure 3d will look quite different if nonlinearities are included in equations (1). A discussion of the nonlinear ensemble dynamics of the ENSO recharge oscillator driven with multiplicative stochastic forcing will be presented elsewhere.
[20] In case of multiplicative noise, the initial condition of the ensemble-mean SST will have an impact on the evolution of the ensemble spread, as illustrated in Figure 4 . The onset of warm events from a recharged state (T = 0, h = 2, a state with positive equatorial heat content) is much less predictable than that of cold events from a discharged state (T = 0, h = À2, a state with negative equatorial heat content). This is consistent with the findings of Kessler [2002] who found that the onset of large El Niño events prior to any major eastern equatorial SST perturbation has a very low predictability, thus challenging the concept of ENSO being an oscillatory mode. Rather than questioning the concept of ENSO cycles, we can attribute this feature to the properties of the state-dependent noise. It should also be pointed out that for a linear system under additive noise forcing (B = 0), the noise-induced spread is independent of the deterministic initial conditions.
Conclusions
[21] Using a conceptual recharge-oscillator model for ENSO, we studied the interaction between the fast varying atmospheric variability, represented by a state-dependent stochastic process with a short de-correlation time scale, and the relatively slow-evolving ENSO mode. Unlike for linear additive noise forcing, state-dependent multiplicative noise not only alters the ensemble-mean evolution of ENSO, but also amplifies the ensemble spread during an ensemble forecast.
[22] We demonstrated that multiplicative noise may destabilize the ENSO oscillator through the so-called noised-induced instability. This finding challenges the view of ENSO being an additive-noise driven stable oscillator because noise itself can generate instability. Moreover, for our particular ENSO model, the modulated noise can greatly amplify the ensemble spread and make it initial-condition dependent. It may also induce a systematic drift in the ensemble-mean solutions.
[23] We proposed approximation closures for studying the ensemble-mean dynamics of ENSO under modulated stochastic forcing. We demonstrated that the second-order closure (the fourth-order closure) is accurate to describe the ensemble-mean evolution (spread) of ENSO. The amplifications of both signal and spread can be captured by the approximate ensemble-mean dynamics system.
[24] The simple ensemble-mean dynamics concepts and approaches illustrated here for the ENSO recharge oscillator model need to be extended to more comprehensive coupled model frameworks. This may open a venue for understanding not only the interaction between the fast varying variability and slow ENSO modes, but also for refining the ensemble approach for ENSO predictions. 
